Nanotwinned Cu exhibits an unusual combination of ultra-high strength and high tensile ductility. However, its fracture behavior and associated microscopic mechanisms remain largely unexplored. Here we study the fracture in a free-standing thin film of nanotwinned Cu using molecular dynamics (MD) simulations. For a pre-crack inclined to the twin boundary, MD simulations show a characteristic fracture mode of zigzag cracking, which arises due to periodic deflections of the crack path by twin boundaries. The mechanism of fracture involves the screw dislocation-mediated local thinning ahead of the crack, instead of cleavage fracture. Importantly, MD simulations show a unique fracture footprint of h1 1 0i-oriented crack edges, consistent with the previous experimental observation from in situ transmission electron microscopy. Our results reveal the toughening mechanisms by nanotwins and also have broader implications for understanding the mechanical failure of metallic thin films.
Introduction
Ultrafine grained copper with embedded nanoscale twin lamellas (hereafter referred to as nanotwinned Cu) exhibits an unusual combination of ultra-high strength ($1 GPa) and high tensile ductility ($14% elongation to failure) [1] [2] [3] [4] . However, most engineering applications would require the materials to have high fracture resistances as well [5] . Unlike the strength and tensile ductility that have been extensively studied [6] [7] [8] [9] [10] [11] [12] [13] [14] , the fracture behavior and associated microscopic mechanisms in nanotwinned metals are much less known.
Several recent studies have investigated the fracture in nanotwinned metals. Qin et al. [15] processed bulk coarse-grained Cu samples by dynamic plastic deformation and obtained a composite microstructure of nanoscale grains with embedded nanoscale twin bundles. They measured an enhanced fracture toughness relative to samples without nanotwins, and found that twin bundles caused the elongated deep dimples on fracture surfaces that contributed to an increase of fracture energy. Singh et al. [16] measured the fracture toughness and fatigue crack growth in nanotwinned Cu processed by electrodeposition, and showed that the presence of nanotwins enhanced both monotonic and cyclic crack growth resistances. Shan et al. [17] and Kim et al. [18] used the in situ transmission electron microscopy (TEM) to directly observe crack growth in nanotwinned Cu. Fig. 1 shows the representative in situ TEM results of crack growth across twin groups in a thin foil of nanotwinned Cu [17] . It is seen from Fig. 1 (a) that a characteristic zigzag crack path formed during tensile loading. Fig. 1(b) presents magnified images of region 1 in Fig. 1(a) showing the h1 1 0i M and h1 1 0i T crack edges in the adjoining matrix (M) and twin (T) crystals. Kim et al. [18] and Zhou and Qu [19] performed molecular dynamics (MD) simulations of fracture in thick nanotwinned samples. They observed the damage and fracture processes, including crack blunting through dislocation emission, crack bridging by twin lamella, crack deflection by grain boundaries, and nanovoid formation at the intersections between grain boundaries and twin boundaries.
The experimental and modeling studies discussed above suggest that the crack-twin boundary interactions can be beneficial to enhance fracture toughness. But the toughening mechanism associated with nanotwins are still little understood. Particularly, the following questions have hitherto not been well addressed: What are the intrinsic fracture mechanisms in nanotwinned metals? How do twin boundaries affect crack propagation? The present work is motivated by previous in situ TEM observations [17, 18] and aims to address the above questions by studying the growth of a pre-crack in a free-standing thin film of nanotwinned Cu using MD simulations. Furthermore, MD simulations can directly reveal the underlying atomic-level processes of deformation and fracture, thereby shedding light onto the failure mechanisms of nanotwinned metals. The system temperature is maintained at 5 K. We perform MD simulations with an embedded atom method (EAM) potential of Cu [20] using LAMMPS [21] . Fig. 3 presents a sequence of MD snapshots showing the simulated zigzag mode of crack growth. As the applied load increases, dislocations on the f1 1 1g M slip plane in the matrix crystal emit from the crack tip and then pile up against the twin boundary that temporarily obstruct the movement of dislocations. As a result, a high local stress arises to act on the leading dislocation in the pileup array. As the applied load continues to increase, this local stress becomes so high that the leading dislocation transmits into the adjoining twin lamella and further glides on the conjugate f1 1 1g T slip plane in next twin lamella. Dislocations behind the leading one in the pileup array repeat this ''stop-and-go'' process. Meanwhile, transmitted dislocations in the adjoining twin lamella develop a pileup array, due to obstruction of the twin boundary further away from the crack tip. A similar ''stop-and-go'' process occurs at this twin boundary. Gliding of dislocations in each twin lamella causes local thinning at the active slip planes that eventually leads to lamella fracture. Since the crack is periodically deflected by twin boundaries, a zigzag crack path develops in MD simulations, which is consistent with the previous experimental observation through in situ TEM [17] , as shown in Fig. 1(a) .
Results and discussion
To understand the fracture mechanism of zigzag cracking, we note that in the 2D projected view of the film (Fig. 2) , the f1 1 1g pre-crack has its edge along the h1 1 2i M direction. We choose to create such f1 1 1g pre-crack in order to facilitate cleavage fracture on the close-packed f1 1 1g planes. However, it is unexpected to observe in Fig. 3 that the edges of the growing crack in MD simulations are primarily aligned with the h1 1 0i directions in all lamellas. This footprint of h1 1 0i crack edges indicates that fracture does not occur by cleavage of f1 1 1g planes, which otherwise would produce crack edges along the h1 1 2i directions.
A detailed analysis of MD results reveals that fracture occurs through a process of dislocation-mediated local thinning instead of cleavage. This is a unique mode of mechanical failure of thin films in the absence of out-of-plane constraints. More specifically, Fig. 4 (a) shows a 3D view of the atomic configuration of a partially cracked film. Fig. 4 (b1) and (b2) respectively expose the (1 1 1) cross sections of the film that are cut at two different locations along the crack path, such that the onset and growth of the local thinning can be clearly seen. As schematically shown in Fig. 4(c) , the local thinning is mediated by dislocation glide. That is, an extended dislocation, which splits into the leading and trailing partials in FCC Cu, can glide on the conjugate f1 1 1g M and f1 1 1g T slip planes in the adjoining matrix and twin crystals. Such type of dislocations have the Burgers vector b ¼ h1 1 0i=2 with the non-zero component in the thickness direction of the film. As a result, gliding of those dislocations on f1 1 1g M and f1 1 1g T slip planes causes the decrease of film thickness, responsible for the local thinning and final rupture of the film. Because of symmetry, the in-plane tensile loading along the [1 1 2] direction can activate dislocations on all the equivalent inclined f1 1 1g M and f1 1 1g T slip planes symmetric about the (1 1 0) plane of the film, which eventually produce [112]
[111]
[110] f1 1 1g M and f1 1 1g T crack surfaces, as illustrated in Fig. 4(c) . Within each twin lamella, the two inclined f1 1 1g crack surfaces (indicated respectively by a solid and a dashed line) intersect to create an apparent h1 1 0i crack edge. Those characteristic h1 1 0i crack edges have already been seen in the 2D projected view of the fractured film in Figs. 1(b) and 3(d) .
We further analyze the nature of active dislocations responsible for the thinning and fracture of nanotwinned Cu thin films. Fig. 5 shows a MD snapshot where several dislocations glide in between the upper and lower twin boundaries. The red parallelogram indicates an inclined f1 1 1g slip plane containing an extended dislocation (between two red curves) that splits into the leading and trailing partials enclosing a stacking fault ribbon in between. This is a screw dislocation with the Burgers vector b ¼ h1 1 0i=2, as illustrated on the schematic Thompson tetrahedron in Fig. 5 . Such type of screw dislocation occurs most frequently in MD simulations. This is because these screw dislocations are subjected to the largest resolved shear stress (corresponding to the largest Schmid factor of 0.41) among the twelve possible f1 1 1gh1 1 0i slip systems in the twin lamella [13] , given the in-plane tensile load parallel to the twin boundary. From the standpoint of deformation compatibility, the Burgers vectors of these screw dislocations (i.e., b ¼ h1 1 0i=2) have non-zero components in both the in-plane loading direction and the out-of-plane thickness direction. As a result, gliding of these dislocation near the crack tip can produce in-plane elongation to accommodate the applied tensile load and meanwhile reduce film thickness to enable the relaxation of out-of-plane stresses. Moreover, gliding of a screw dislocation on the active f1 1 1g M (or f1 1 1g T ) slip plane can produce a relative shear displacement between two adjacent f1 1 1g M (or f1 1 1g T ) atomic planes. As more screw dislocations glide on this active f1 1 1g M slip plane, the shear displacement gradually increases and eventually produces a shear-off mode of fracture on the f1 1 1g M (or f1 1 1g T ) slip plane as illustrated in Fig. 4(c) . In addition, we note that the Burgers vectors of these screw dislocations (i.e., b ¼ h1 1 0i=2) are parallel to the intersection between the conjugate f1 1 1g M and f1 1 1g T slip planes at twin boundary, thus facilitating the slip transmission of screw dislocations across twin boundary. The TEM images in Fig. 1 also show an intriguing characteristic of fracture path which features several short crack edges on twin boundaries, as highlighted by circles. Since the in-plane tensile load was primarily parallel to twin boundaries, the resolved normal and shear stresses on twin boundaries were small. As a result, there was a lack of direct driving forces to produce those short crack edges on twin boundaries. To understand the origin of those crack edges, we note that in both the in situ TEM experiment by Shan et al. [17] and the earlier studies of fracture of thin metal foils [22] , it has been found that small-sized nanocracks frequently formed in front of the main crack; and as the tensile load increased, nanocracks grew and coalesced with the main crack. To explore the possible effect of crack coalescence on the formation of crack edges at twin boundaries, we create two pre-cracks on the two opposite edges of a nanotwinned thin film, as shown in Fig. 6(a) . Under an in-plane tensile load parallel to twin boundaries, the two edge cracks grow in the opposite direction, producing zigzag crack paths, similar to the case of a single pre-crack in Fig. 3 . Interestingly, as the two cracks meet at a twin boundary, a small ligament typically arises in between two crack tips; in experiments, such meeting with an offset between the two crack tips is conceivably more common than the exact meeting without an offset. As shown by a sequence of MD snapshots in Fig. 6(b-d) , the final crack coalescence occurs through rotation and tearing of this small ligament, thereby producing a pair of short crack edges on the twin boundary as circled in Fig. 6(d) . Hence, this MD simulation not only reproduces the formation of short crack edges on twin boundaries as observed in the TEM image of Fig. 1(b) , but also demonstrates that MD simulations can help clarify the unexpected features and thus reveal the associated microscopic mechanisms during deformation and fracture.
The above MD simulation results also reveal several toughening mechanisms by nanotwins. First, twin boundaries can obstruct the movement of dislocations emitted from the crack tip. The obstructed dislocations shield the crack tip from the applied load by producing back stresses near the crack tip [23] . As a result, the applied load has to increase to drive the dislocation emission and crack extension processes. Second, due to the periodic deflections of the crack path by twin boundaries, fracture occurs through zigzag cracking. Compared to a straight crack path, the zigzag mode of crack growth increases the effective crack length and thus causes more energy dissipation through irreversible plastic processes near the zigzag crack faces. Third, twin boundaries are coherent and thus have higher fracture resistances than the typical incoherent grain boundaries in nanocrystalline metals [2] . Fig. 6 provides an example of fracture at the twin boundary through plastic tearing, which can cause more energy dissipation than the brittle fracture of weak incoherent boundaries. Fourth, the high density and accordingly small spacing of twin boundaries in nanotwinned metals can further enhance the aforementioned toughening mechanisms.
Finally, we comment on the effect of sample thickness on the fracture of nanotwinned metals. When the thickness of nanotwinned Cu thin films is around 100 nm or above, previous experimental and computational studies [18] have shown that a large number of dislocations on different f1 1 1gh1 1 0i slip systems were emitted from the crack tip and they interacted with twin boundaries ahead of the crack. As a result, a high density of dislocations were accumulated on twin boundaries, transforming a clean and coherent twin boundary into a dislocation wall with increasing resistances to slip transmission. The dislocation wall effectively resisted crack propagation, such that either the crack was arrested by a twin boundary or the nanoscale twins became crack bridging { } 111 ligaments. In this work, the nanotwinned sample is very thin. As a result, the type of active dislocation slip systems and the interaction between dislocations are significantly restrained, resulting in the operation of a dominant type of screw dislocations as shown in Fig. 5 . The persistent slip of these dislocations leads to local thinning and crack extension through twin boundaries.
Conclusions
To conclude, our MD simulations have revealed the zigzag mode of cracking in a free-standing thin film of nanotwinned Cu, which arises due to periodic deflections of the crack path by twin boundaries. The microscopic mechanism of fracture involves the screw dislocation-mediated local thinning ahead of the crack, instead of cleavage of close-packed {1 1 1} planes. The screw dislocation-induced thinning and fracture result in a unique footprint of the h1 1 0i-oriented crack edges as shown by both the present molecular dynamics simulations and the previous in situ TEM experiments [17] . Our results reveal the toughening mechanisms by nanotwins, including the twin boundary obstruction of dislocation glide, twin boundary deflection of crack path, strong fracture resistance of coherent twin boundary, and high twin boundary density to enhance the aforementioned toughening mechanisms. While the present study is focused on the nanotwinned thin film of FCC Cu, the fracture mechanism of dislocation-mediated thinning is expected to prevail during the mechanical failure of other types of thin FCC metal films as well. The combined MD and (previous) in situ TEM studies provide strong support for the operation of such fracture mechanism. Mechanistic insights gained in this work could be also valuable for studying fracture in nanotwinned crystals with other types of lattice structure [24] [25] [26] .
